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GEOCHEMISTRY OF LIPIDS IN LACUSTRINE SEDIMENTS 
P. A. CRANWELL 
Introduction 
Sediments have been continuously deposited in the lakes of northern 
Britain since these lakes came into existence at the end of the last glaciation, 
about 15 000 years ago. The earliest sediments, deposited by the glaciers, 
are entirely inorganic, but when the ice cover was removed, the land surface 
was colonized by plants, and organic detritus accumulated in the soil and 
was transported into the lake by erosion. Aquatic organisms also 
proliferated and their remains were added to the sediment. This article 
outlines aspects of research on the organic material found in lacustrine sedi-
ments, and the analytical methods involved. Firstly, an explanation of the 
basic premises of the subject and its terminology is given. 
The organic portion of lacustrine sediments, mostly amorphous matter 
derived from the decomposition of once-living organisms, might appear of 
little value for recognition of the precursor organisms. At the molecular 
level, however, many compounds characteristic of the precursor organisms 
occur in the lipids; these compounds can be separated and identified. The 
term lipid denotes a wide variety of natural products (e.g. fatty acids) readily 
soluble in organic solvents. Lipids are ubiquitous in living organisms, but 
the distribution of any given kind of lipid need not be uniform within an 
organism or over a wide range of organisms. Organic geochemistry, the 
study of organic matter in natural environments, extends the scope of 
'natural product' organic chemistry, in which the structure and biosynthesis 
of constituents occurring in living organisms are studied. The latter field 
of research has identified compounds that occur only in specific groups of 
organisms and thus provide biological markers to the geological record. 
The significance of marker compounds in early post-glacial sediments can be 
better appreciated by a study of present-day events, especially the potential 
sources of input to contemporary sediments and changes in the microbially-
active surface sediment. Such changes, which occur shortly after death of 
an organism and its burial in unconsolidated sediment, constitute early 
diagenesis. 
Sedimentary lipids contain several classes of compounds suitable as 
biological markers, including alkanes (of general formula I), methyl ketones 
(2), alkyl esters (3), alkanols (4), sterols (5), alkanoic acids (6) and hydroxy-
alkanoic acids (7) (Fig. 1). Each compound class consists of one or more 
homologous series in which consecutive members differ by one methylene 
(-CH2-) group. Within the straight-chain homologous series produced by 
organisms there is a predominance either of constituents having an odd 
number (as in alkanes) or an even number of carbon atoms (as in alkanols 
and alkanoic acids), a feature shown in Figs 3, 4 and 6 by the alternation of 
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long and short histogram bars. The predominance is expressed by an 
abundance ratio called the carbon preference index. In sediments, values 
of this index, together with the range in length of the carbon chain of the 
above compound classes, provide information about the sources and 
diagenesis of organic matter. 
Many carbon compounds show isomerism, i.e. they have the same 
empirical formula but differ either in the arrangement of atoms, as in 
straight-chain and iso-branched alkyl groups above {structural isomerism), 
or in spatial orientation {stereoisomerism). Biosynthetic pathways in 
living organisms are almost always stereospecific, forming only one 
stereoisomer. Determination of the stereochemistry of sedimentary con-
stituents may, therefore, tell us about the origins and transformations of 
organic matter in sediments. 
Recent research has concentrated on three main areas: (i) the chemical 
record of post-glacial changes occurring within a lake and its catchment, to 
supplement deductions made from analysis of pollen, diatoms or other 
morphological fossils and to enable long-term effects of contemporary 
changes associated with nutrient enrichment of lakes to be better un-
derstood; (ii) chemical speciation and early diagenesis of sedimentary lipids 
in the uppermost sediments, to aid the interpretation of data from older sedi-
ments; and (iii) stereochemical analysis of suitable compounds, as an 
additional means of assessing input and diagenesis. Before looking at these 
topics in more detail, methods of isolation, separation and analysis will be 
considered. 
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Methods of isolation and analysis 
In earlier work (Cranwell 1977b), total lipids were obtained by solvent 
extraction of sediment which had been pre-treated with mineral acids. The 
lipids were separated into a neutral and an acidic component and each por-
tion was resolved into its constituent compound classes by chromatographic 
methods. 
Recently, lipid components in sediments were found to occur in two 
chemically-distinct states which can be isolated separately: (a) in a form 
directly extractable with solvent, and (b) as lipids bound to inorganic or 
polymeric organic material. Extractable and bound lipids are each 
fractionated and purified by the methods outlined above (Fig. 2). In the 
extractable lipids from recent sediments, monocarboxylic acids, alcohols and 
sterols occur both in the free state and as alkyl and steryl esters. The com-
position of each compound class is determined using a gas-liquid 
chromatograph (GLC), in which the sample is volatilized and carried by a 
stream of inert gas through a coiled glass capillary column, the inner wall of 
which is coated with an involatile liquid; the column is mounted inside an 
oven. The most volatile member (i.e. that of lowest molecular weight) of 
the homologous series is eluted first and the remaining homologues are 
eluted sequentially by raising the oven temperature. Flame ionization is 
used to detect each compound and give a signal proportional to its 
amount. In this way the percentage composition of a mixture can be deter-
mined and plotted as a histogram (e.g. Fig. 3A + 3B.). Compounds are 
identified by gas chromatography/mass spectrometry in which compounds 
eluting from the GLC are bombarded with medium-energy electrons. The 
molecular and fragment ions produced are recorded as mass spectra, from 
which the chemical structure can be deduced. 
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Post-glacial changes in sediment source material 
The value of biological markers for interpreting the history of organic 
sediments can be illustrated by reference to a study of Cam Loch, NW 
Scotland (Cranwell 1977b). Total lipids from each of six sections, widely 
spaced throughout the 6-metre-long post-glacial sediment profile, provided a 
record of changing organic input to the sediment consistent with that 
provided by morphological residues (e.g. Pennington et al. 1972). For 
example in the straight-chain alkanes, the chain-length range and high 
carbon preference index found in sections 1-5 (Fig. 3A) show the dominance 
of the input derived from higher plants. The change in the most abundant 
constituent, from C27 in section 4 to C31 in the younger section 2, indicates 
deforestation and the spread of blanket peat resulting from climatic change. 
The transitional nature of the alkane distribution in section 3, and the pre-
sence just below it of a horizon showing a marked change in C:N ratio 
(indicative of increased erosion) lead to the deduction that the section was 
deposited while deforestation was occurring. 
The distribution patterns of straight-chain alkanoic acids (Fig. 3B) and 
sterols (Fig. 3C) show a relative input from autochthonous sources which is 
higher in sediments from the late-glacial (section 6) and early post-glacial 
(section 5) than in the more recent deposits. This interpretation arises 
from the marked bimodal distribution and abundance maximum at C16 in 
the acids and from the abundance of peak b (consisting of cholesterol+501-
cholestanol) relative to peak f (24-ethylcholesterol+24-ethyl-5a-cholestanol) 
FIG. 4. Percentage composition of free (left) and esterified (right) n-alkanols (A) and 
n-alkanoic acids (B). From Geochim. Cosmochim. Acta 42, 1523-32, Fig. 3 (part). 
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in the sterols. Distributions of fatty acids and sterols similar to those in sec-
tion 6 occur in contemporary sediments of moderately eutrophic lakes such 
as Blelham Tarn. Analogously, the distribution patterns of fatty acids and 
sterols in sections 1-3 are characteristic of modern oligotrophic lakes. The 
distributions of alkanoic acids and sterols in section 4, deposited when pollen 
analysis indicates that pine forest was the dominant vegetation, are inter-
mediate between those of sections 3 and 5. The spread of pine in NW 
Scotland has been correlated with depletion of soil nutrients by leaching and 
a corresponding reduction in base status of the lakes; thus the transitional 
alkanoic acid and sterol distributions result from the decrease in trophic 
status caused by nutrient depletion. 
Other lipid components present in the sediments of Cam Loch include 
methyl ketones, co-hydroxy fatty acids and a,w-dicarboxylic acids. Methyl 
ketones are not primary plant products but may be derived by microbial 
oxidation of alkanes. Similarly, the correlation in chain-length distribu-
tion between w-hydroxyacids and a,w-dicarboxylic acids in these sediments 
suggests that the former, which occur in plants as a polymer, cutin, undergo 
microbial oxidation to give a,w-di-acids. Lipid fractions containing 
saturated branched-chain and cyclic fatty acids and alkanols also provide 
evidence of input derived from microbial sources (Cranwell, 1977a, 
1980). The lipids thus tell us about decomposition processes in addition to 
changing input of primary source organisms. 
Lipid speciation and early diagenesis 
In the work described above, a small degree of diagenesis was assumed to 
occur during the post-glacial period (c. 15 000 years), so that lipid distribu-
tions in recent sediments of lakes of known trophic status could be used to 
deduce the trophic status of Cam Loch during the early post-glacial 
period. Studies of lipid speciation, however, indicate that sedimentary 
compounds present in chemically-distinct forms differ in the composition 
and rate of diagenesis of each form. Such studies give new insights into 
chemical and biological processes giving the lipid distributions found in 
recent and early post-glacial sediments, as outlined below. 
In recent sediment from Crose Mere, a productive lake, both free straight-
chain alkanols and alkanoic acids showed bimodal distribution patterns 
(Figs 4A and 4B) with maxima at C16 and C26 (Cranwell 1978). The 
esterified alkanols and alkanoic acids each showed a single maximum at 
C16. The similarity between the distribution pattern of the esterified com-
ponents and that of the respective free alkanols and acids centred on C16 in-
dicates that partial hydrolysis of esters containing these constituents has 
occurred. Algae and bacteria are possible source organisms containing 
esters of C14 - C18 alkanols whereas C22 - C30 alkanols occur both free and 
esterified in higher plants. The bimodal distribution of the free com-
ponents thus shows input from different source organisms. The 
dominance of free C22 - C30 alkanols implies a hydrolysis of esters derived 
from terrestrial biota which is more complete than that of esters from 
aquatic biota. Analysis of two sediment sections, deposited in the oligotro-
phic Loch Clair during the last 400 years, showed some preservation of alkyl 
esters derived from higher plants (Cranwell & Volkman 1981). In this study 
alkyl esters showing a chain-length distribution ranging from C32 to C50 
were identified, with C44 as major constituent (Fig, 5). The strong pre-
dominance of even-carbon homologues and the absence of branched-chain 
and unsaturated compounds are features characteristic of waxes from higher 
plants. Each peak in the gas chromatogram contains several constituents 
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having the same total number of carbon atoms, with no branching in the 
carbon chain, but differing in the alkanol-acid pairing. The molecular 
composition, determined by computerized gas chromatography/mass 
spectrometry, shows that six alkanol-acid combinations, 28-18, 28-16, 
26-16, 24-16, 24-22 and 26-18, together account for 42% of the total 
esters. Comparable data are available for only one other site, a marine 
sediment in which these esters constituted only 7% of the total (Boon & de 
Leeuw 1979), clearly pointing to different origins for the alkyl esters in the 
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two environments. The compositions of the alkanols and alkanoic acids 
formed by saponification of the esters from each sediment sample were com-
pared with those of the respective free components in the same sedi-
ment. In both sediment sections, free and esterified alkanol fractions 
showed the same chain-length constituents C22 - C28, differing slightly in 
percentage composition. Esterified acids showed a dominance of C16 and 
C18 throughout the top 20 cm of sediment, while the abundance of free acids 
showed a maximum at C24 with an additional maximum at C16 only in the 
most recent sediment (Fig. 6). As there is no evidence for a change in input, 
this difference in distribution is attributed to selective diagenesis of shorter-
chain free acids with increasing depth of burial, because these components 
are more suitable substrates for micro-organisms than acids of greater 
molecular weight. Esterification therefore stabilizes acids of low molecular 
weight against microbial breakdown, as shown by the small change with 
depth in the proportion of esterified C16 acid. 
In the steryl esters, 24-ethylcholest-5-en-3B-ol was the dominant sterol, 
consistent with an input mostly derived from higher plants. In sediments, 
unsaturated sterols occur with the corresponding saturated 5a-stanol, which 
accumulates as plant residues decompose, so that the stanol:stenol ratio in-
creases with increasing diagenesis. Values of this ratio for the esterified 
sterols were 0.11 and 0.14 in the 0-10cm and 10-20 cm sections, 
respectively, of this sediment profile, whereas in the free sterols the 
corresponding stanol:stenol ratios were 0.86 and 1.1. These ratios suggest 
that esterified sterols are stabilized, relative to free sterols, against microbial 
attack, but the lower abundance of steryl esters compared with alkyl esters in 
the deeper sediment may imply that the steryl ester bond is the more 
susceptible to hydrolysis. 
Stereochemical analysis of lipid components from sediments 
The stereochemistry of three lipid classes occurring in sediments has been 
determined; in each case the potential stereoisomers arise at a carbon atom 
bearing a secondary hydroxyl group H-C-OH. A fraction containing 
branched-chain and cyclic (b/c) alkanols was isolated from sediments of 
Cam Loch, Crose Mere and Loch Clair (Cranwell 1980). Free, esterified 
and bound b/c alkanols were separated from sediments of the two latter 
sites. A series of alkan-2-ols ranging from C16 to C20 occurred only in the 
bound fraction from the two latter sites, but was also present in total lipids of 
a 9000-year-old sediment from Cam Loch. The stereochemistry of these 
alkan-2-ols was determined by conversion into esters which are 
diastereoisomers (stereoisomers that are not identical and not mirror 
images). In this way enantiomers (stereoisomers that are mirror images) of 
the secondary alkanols can be resolved by gas chromatography. Only the 
alkan-2-ols with D configuration were present, in both contemporary and 
9000-year-old sediments. A major input, derived from bacterial sources, to 
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bound lipids has been recognized from the abundance of biological markers 
for these organisms in the b/c alkanols (Cranwell 1980), straight-chain 
alkanes and b/c alkanoic acids (Cranwell 1978). In view of this, the most 
probable source of alkan-2-ols, consistent with the chain length and D con-
figuration, is the complex lipids of bacterial cell walls. 
The configuration at the asymmetric carbon atom in 2- and 3-hydroxy 
alkanoic acids isolated from Loch Clair sediment has been analysed using 
the same technique (Cranwell 1981). Homologous series of these acids are 
present in both the free and bound lipids. 2-Hydroxyacids are inter-
mediates in the a-oxidation pathway of fatty acid degradation, which occurs 
in plant and animal tissues and in bacteria. Both stereoisomers are formed 
in this pathway but the D enantiomer accumulates while the L enantiomer is 
the degradation intermediate. 3-Hydroxyacids are intermediates in fatty 
acid degradation by the B-oxidation pathway, which proceeds via the L 
enantiomer, while 3D-hydroxyacid derivatives are intermediates in fatty 
acid biosynthesis. The stereochemistry therefore can be used to provide an 
insight into the origin and transformations of organic matter deposited in 
the sediment. 
The chain-length distribution and composition of the mixture containing 
both 2- and 3-hydroxyacids shows a dominance of 2-hydroxyacids in the free 
acids which mainly lie in the C20 - C26 range, and a dominance of 3-hyd-
roxyacids in the bound component in which C14 - C18 constituents pre-
dominate. The positional isomers are separated after conversion to the 
acyl derivative used for stereochemical analysis. Unlike the alkan-2-ols, 
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differences in stereochemistry occur within a homologous series, related to 
chain-length, reflecting different sources of the higher and lower 
homologues. The stereochemical purity of a constituent is often lower than 
in the alkan-2-ols, reflecting differences in source and in biochemical 
processes as outlined above. The main features are outlined in Table I. 
The topics reviewed above give an indication of the complexity of sedi-
mentary lipids in terms of the wide variety of compound classes, their 
chemical state in the sediments, the source organisms and biochemical 
processes involved in the early stages of diagenesis. 
I thank Dr W. Tutin and Dr E. Y. Haworth for valuable discussions and 
Mr B. Walker, Mr P. V. Allen and Mr M. C. Thompson for obtaining sedi-
ment cores using 1 m and 6 m Mackereth corers. I also thank Professor G. 
Eglinton, FRS and Dr J. R. Maxwell for access to the computerized gas 
chromatograph/mass spectrometer at Bristol University, and Dr J. K. 
Volkman who collaborated in the wax ester analysis. 
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